To develop a second generation gamma-ray camera for industrial applications, various multiple-hole collimator designs that meet high-energy, high-intensity and far-eld imaging requirements have been studied. The collection of parallel holes each parallel to one another (parallel-hole, parallel collimator) is ine ective for imaging high energy far-eld sources, whereas a collimator with parallel holes arranged in a diverging manner (parallel-hole, diverging collimator) is a good candidate for our imaging system. The response of a proposed collimator to di erent source conditions is modelled and presented in this work.
Introduction
In our e ort to develop a second generation gamma-ray camera, we are striving to retain the excellent spatial and energy resolution of the rst camera 1], but shorten its long data acquisition times. The single-hole collimator, single detector (single pixel) design of the rst camera required scanning to form an image and was the primary cause of the lengthy data acquisition times. A second generation camera based on a multiple-hole collimator, multiple detector (multiple pixels) should shorten data acquistion times.
Collimator designs
By using N multiple collimator holes, it should be possible to reduce the number of camera positions by approximately a factor of N compared to the rst generation camera. While multiple-hole collimators have been used extensively in medical imaging 2]-6] for low-energy, lowintensity, high-resolution, near-eld applications, the relatively high-energy (up to 2 MeV), moderate resolution, This work was supported under the U.S. Department of Energy, Robotics for Advanced Reactors, Grant No.DOE-FG02-86NE37969.
y Currently with the Department of Mechanical,Industrial and Nuclear Engineering,University of Cinicinnati, Cincinnati, OH 45221. high-intensity, far-eld imaging requirement (on the order of meters) for this project results in a di erent design criteria.
Parallel-hole, parallel collimator
For our application, the simple parallel-hole, parallel colli- Figure 1 has serious inherent disadvantages. The distance from the collimator to the position where the elds-of-view from two adjacent holes overlap, is very small (on the order of centimeters) for practical collimators. We de ne this distance as the focal length. Thus a point source located further away from the collimator than the focal length will be seen directly by more than one hole. For example a collimator with holes of radius 0.13 cm and a septal thickness of 0.37 cm, will have the elds-of-view of adjacent holes overlap beyond 7.12 cm. At this distance, the ratio of the uence that penetrates through the collimator edges (for 1 MeV -rays) to the uence that passes only through the collimator holes is approximately 0. 216 9] . This ratio indicates a large contribution of septal penetration to the photons reaching the bottom surface of the collimator. The septal penetration has the same e ect as shortening the collimator length by 1= ( is the linear absorbtion coe cient in the collimator material for the chosen energy) 10]. At high -ray energies,attenuating the non-eld-of-view gamma rays poses Area not seen directly at the base of the collimator a major design hurdle for the collimator due to the large mean free paths through most collimator materials. Furthermore, the total eld-of-view of a parallel-hole, parallel collimator is only slightly larger than the total area of the collimator for all source distances within the focal length. For our application, we desire large elds-of-view. (1) An in nite focal length will be achieved when: s = tan ?1 (2d=a) This quantity can also be shown to be the opening angle of the hole (for d a). Hence, neglecting septal penetration, the collimator will focus at in nity when = s.
Parallel-hole, diverging collimator
3 Results 
Dead Area
We have computed the fraction of source plane area within the total eld-of-view that does not contribute directly at the base of the collimator for di erent source distances, neglecting septal penetration. Our results are shown in Figure 2 for an 11 11 array of holes. The gure also shows a rst order estimate of septal penetration with the result that the source plane will be fully z Again, our de nition of focus relates to the distance where adjacent elds-of-view rst overlap. resolved (no dead area) at about 2 m instead of at in nity. This septal penetration e ect can be o set by choosing a slightly larger s, as shown by the third curve in Figure 2 . These curves indicate a signi cant contribution from septal penetration.
We have used the Monte Carlo, photon transport code MCNP to further investigate the response of this collimator design.
Response to a point source 3.2.1 Source along the axis of the central hole
To assess the e ectiveness of locating a point source along the axis of the central hole, the collimator response was modelled and is shown in Figure 4 , where the relative photon current exiting both the collimator holes and the septa are shown. From the gure it is apparent that by measuring both the number of photons that exit the septa and those exiting the holes, a simple background subtraction can be performed to enhance the collimator response. Such an enhanced response is shown in Figure 5 . It is this response that is presented in all results from here onwards. The better response seen for source positions of h 10 cm in Figure 5 is attributed to the larger solid angle sub- Figure 4 does account for the reduction in the number of counts recorded with increasing source distances (1=r 2 variation). This variation is not explicitly seen due to the nature of the modelling. In particular to reduce the MCNP run time, the source photons were generated within a cone. The base of the cone was formed by a circle on the surface of the collimator with the collimator width as its diameter, while the source point formed its vertex.
Hence if the varying solid angles at the vertex of the cone are accounted for then the 1=r 2 variation in the response becomes very apparent. The same procedure was adopted in all modelling schemes discussed throughout this paper.
Source along the axis of any hole
To demonstrate the advantage of the parallel-hole, diverging collimator over the parallel-hole, parallel collimator, we modelled a point source along the axis of the third right hole away from the collimator axis. The response of the collimator to this source located at various distances away from the collimator is shown in Figure 6 . From the response it is clear that despite the physical location of the source (which was well outside the physical dimensions of the collimator) the collimator located the source. For example, at a distance of 1 meter away from the collimator the source was 18.13 cm away from the central axis of the collimator and on the axis of the third hole to the right of the collimator. This distance is much greater than the dimension of the collimator. Despite this, the parallel-hole, diverging collimator is able to locate the source very accurately.
3.2.3`Focussing' action of the collimator
At a xed distance of h = 1 m, we also modelled the variation of the collimator response to di erent radial locations of a point source. The collimator response is shown in Figure 7 and shows the e ect of septal penetration. The source is moved from the right edge of the eld-ofview of the central hole towards the rst hole to the right. As it is moved further, the photons travel through more of the septum before reaching the bottom of the central hole. Hence the decrease in the relative response. At a su ciently large distance from the edge of the eld-ofview, the photons travel through a greater septal length to reach the central hole than the rst hole. Thus a greater response is seen for the rst hole than the central hole. This distance e ectively reduces the focal length of the collimator and suggests slanting the holes more than the opening angle ( s > ), as already evidenced in Figure 2 .
In Figure 8 the slant angle of the collimator was made to be 3.75 while the opening angle of the holes remained 3 . The source was located at exactly the same positions as in Figure 7 . We selected 3.75 since this permits the opening angle of the hole one mean free path of septal penetration in our design. The dead area of this collimator is now de ned by the corresponding line in Figure 2 . By choosing a slant angle of 3.75 and comparing we can say that we have`focussed' the collimator to the distance of our choice. Hence even though the source is moved to the right edge of the eld-of-view of the central hole, a majority of the photons are still counted only in the corresponding section at the base of the collimator, thus`focussing' the collimator to a pre-selected distance.
Spectroscopic information
The results discussed in the previous sections do not account for the energy of the gamma-ray photon reaching the base of the collimator. The ratio of the number of full energy photons to the total number of photons crossing the base of the collimator was determined. This ratio must be fairly high to discriminate against low-energy events which only contribute to noise in an image. As seen in Figure 9 this ratio is the highest directly beneath the hole in the collimator and the ratio varies on either side of the center. The pattern seen in this ratio is attributed to varying path lengths traversed through the collimator material by the gamma-ray photons before reaching the bottom surface of the collimator. The reduction in the relative response of the collimator for source positions away from the central axis of the collimator is due to the reduction in the geometric e ciency of the collimator as discussed in the next section. 
E ciency of the Collimator
The conventional de nition of the geometric e ciency of a collimator is the fraction of radiation originating from a source that passes through the collimator holes 12]. In general this e ciency is directly related to the collimator hole size and inversely related to the collimator hole length, septal thickness and the distance from the collimator face. for sources located o the axis by an angle ,and amounts to a 7 % variation in the geometric e ciency of the collimator as the source position is varied from the axis of the collimator to the extremeties.
We now de ne a gure of merit of the collimator as the ratio of the number of photons reaching the scintillator with the collimator present to the number of photons reaching the scintillator in the absence of the same collimator. This ratio is a measure of the compromise between counting e ciency of the system and the directionality information provided by the gamma camera. = 1 would indicate an ideal collimator system which provides the direction information of the rays without any degradation in count rate. can be written as: = (Aopen=Aunit) (S 1=4 ) (S 2=4 ) where 1 is the solid angle subtended by the detector at the source point, 2 is the solid angle subtended by the front face of the collimator at the source point, and S is the activity of the source. When imaging far-eld sources 1 2 and reduces to the ratio of the area of the hole to the entire unit. For the modelled collimator = 0:0676.
Resolution of the Collimator
The main factor determining the resolution of the collimator is the opening angle of the collimator. For a collimator of length 5 cm and with a hole diameter of 0.13 cm, the opening angle or the resolution of the collimator is 3 . This is a spatial resolution of 2.665 cm at a distance of 1 meter (neglecting sepatal penetration). The same spatial resolution degrades to 3.44 cm when septal penetration of one mean free path is accounted for through the edges of the collimator.
